As clinical trials with stem cells for cardiac regenerative therapy move forward, advances in imaging equipment and technique offer powerful methods to evaluate therapeutic efficacy. Methodologies to label stem cells for tracking continue to expand. Non-invasive imaging offers the potential to better understand the interaction of exogenous stem cells with the host to answer questions such as the best cell type(s), timing of delivery, dose, and delivery route. If successful, these techniques may enable individually tailored dosing of stem cell therapeutics. However, techniques that are suitable for animal models of cardiac disease may have hurdles to clinical translation beyond simple biocompatibility issues. Challenges include the high cost of advanced imaging techniques, applicability in acute ischemic disease, and regulatory approval. In this review, we will cover some new imaging techniques and labeling strategies and assess the obstacles to clinical adoption.
Introduction
Nearly all cardiovascular stem cell trials of ischemic heart failure or acute myocardial infarction have used at least one imaging modality (and often several imaging modalities) to assess patient response to treatment [6, 7, 16, 18, 20, 28, 34, 43] . Two-dimensional echocardiography provides an inexpensive, clinically accepted method for evaluating cardiac function without ionizing radiation. On the other hand, X-ray angiography remains the gold standard for interrogation of vessel patency. Thus, these two techniques dominate the imaging modalities that have been used in clinical trials. However, both techniques suffer from limited imaging windows and cannot provide three-dimensional imaging, which can be important in assessing left ventricular remodeling after infarction.
Three-dimensional echocardiography can provide more complete anatomy compared to traditional transthoracic echocardiography, but is more invasive and requires patient sedation. Using a relatively new echocardiographic technique, Janssens and colleagues demonstrated that strain-rate imaging can be used to demonstrate improvements in regional cardiac function in patients with ST-elevation myocardial infarction receiving bone marrow progenitor cells that cannot be recognized using global function parameters, such as left ventricular ejection fraction [18] . Clinical trials, such as the PROSPECT trial [11] (which was unable to predict responders to ventricular resynchronization based on echocardiograpic measures), raise concern as to whether the results from the trial by Janssens and coworkers studying a limited number of patients will be replicated in a larger scale clinical trial or whether these techniques require further refinement [33] .
Meta-analyses of the clinical trials, to date, indicate that stem cell therapy in cardiac patients is safe and may provide slight improvements in cardiac function [1, 15, 27, 36, 46] . Nonetheless, should larger scale clinical trials fail to confirm the results of these initial trials, it would be useful to be able to use imaging to possibly distinguish non-responders from responders following therapy. In addition, labeled stem cells that could be tracked noninvasively could provide a means of identifying patients where stem cell delivery, engraftment, or survival was suboptimal to provide better treatment strategies rather than abandoning the therapy as not efficacious.
Although trials using various labeling methods are limited, these initial results are promising. In the first clinical trial using a combination of superparamagnetic iron oxides (SPIOs) and radiotracer cell labels, de Vries et al. demonstrated that ultrasound-guided lymph node injections failed to reach the targeted nodes in 50% of the patients [14] . Only magnetic resonance imaging (MRI), a tomographic or 3D technique, and not nuclear scintigraphy was capable of demonstrating these errors in cell targeting [14] . Tracking of SPIO-labeled stem cells in stroke [47] gave further excitement that rapid translation of cardiac stem cell therapy could be realized. MRI, however, encountered several major obstacles. First, MRI is costly, time consuming, and often impractical in cardiac patients, who often have devices, such as pacemakers, that are not MRI compatible. Unlike direct labeling with radioactive substances where the half-life of the tracer severely limits the ability to perform serial tracking, concerns have been raised that SPIOs used to label stem cells may persist long after the exogeneously administered stem cells have died [2, 26, 39] . Thus, following SPIO labeling of stem cells, it may not be possible to determine whether the MR signal originates from viable cells or from the persistence of the cell label after cell death. Reporter genes offer a potential alternative means to track cells with non-invasive imaging without some of the pitfalls of false positive and negative cell tracking that may occur with direct cell labeling. Clinical and public acceptance of genetically manipulated cells has been limited since the unfortunate death of a patient enrolled in a gene therapy trial in September 1999 [42] . Nonetheless, the Food and Drug Administration approved the first clinical trial using embryonic stem cells for spinal cord injury [12] , and clinical trials of genetically altered T cells in oncology patients are ongoing [45] . These developments suggest that support for therapies that incorporate genetic alteration is growing, and this momentum will facilitate clinical translation of new techniques in cell tracking and non-invasive imaging, which we will highlight in this review.
New Advances in Reporter Gene Imaging
In the past year, there have been a variety of preclinical studies exploring several aspects of cardiac stem cell therapy. Historically, exogenously expressed green fluorescent protein (GFP) has been ubiquitously used as a reporter gene in histological specimens. However, the attenuation of fluorescence across tissue layers limits GFP utility as an in vivo optical imaging reporter gene. For in vivo reporter gene imaging, bioluminescence imaging (BLI) is commonly used to track cells transfected to express firefly luciferase. The administration of the reporter probe, D-luciferin, in the presence of ATP is catalyzed by luciferase to oxyluciferin with the release of light that can be recorded by a charge-coupled device camera.
Using BLI, preferential homing of bone marrow mononuclear (BMMN) cells to mouse hearts subjected to ischemia/reperfusion after intravenous injection could be demonstrated compared to sham animals over a 4-week period [35] . The survival of different cell types has also been serially imaged using BLI. In immunocompetant mice with a non-reperfused infarction, BMMN cells showed a distinct survival advantage over mesenchymal stem cells, fibroblasts, or skeletal myoblasts after direct intramyocardial injection [41] . The enhanced survival of BMMN cells was also correlated with improved preservation of myocardial shortening and less ventricular remodeling by echocardiography [41] . In a similar study, cardiac stem cells (CSC) injected intramyocardially in a non-reperfused murine myocardial infarction showed poor engraftment and survival at 8 weeks [25] . In contrast, mouse studies where human cardiosphere-derived cells (CDC) were injected in the infarct border zone showed more viable myocardium in the infarct zone suggesting migration of the hCDCs [37] . However, no in vivo method was used to track the CDCs. In a similar study, intracoronary administration of hCDCs to swine following acute myocardial infarction showed attenuation of infarct size and concurrent formation of new cardiac tissue at 8 weeks [21] . However, no in vivo CDC tracking was performed in this study either. Thus, reporter gene imaging may be useful in teasing out differences in stem cell preparations and administration that has heretofore led to contradictory results.
While bioluminescence imaging has dominated the reporter gene imaging in recent years, there are several other reporter genes that have been developed for use with radionuclide imaging [10, 29, 44] . Recently, Abraham and coworkers have demonstrated that, up to 6 days postinjection, they were able to track CSCs expressing the sodium iodide symporter (NIS), a naturally occurring membrane glycoprotein that is expressed in a limited number of organs, with single-photon emission tomography (SPECT) or positron emission tomography (PET) [38] . Since a major limitation with any reporter gene method is the immune response elicited toward the production of a foreign protein/enzyme, immunogenicity from endogenous NIS gene product should be quite limited, and this makes it an attractive reporter gene system for further clinical translation in the realm of cardiac stem cell therapy. However, the effects of additional sodium channels on the function of cells in the heart is not fully characterized. In other methods, notably SPECT and PET, variants of the thymidine kinase reporter gene have dominated reporter gene imaging, to date. Gyöngysi and colleagues have initiated the first successful translation of thymidine kinase reporter gene imaging for cardiac stem cell tracking of biodistribution in a relevant large animal model of myocardial infarction. These authors used a minimally invasive stem cell delivery method of electromechanical mapping for transendocardial delivery, combined with clinical PET imaging (Fig. 1) [17] .
New Advances in Iron Oxide Stem Cell Labeling
Iron oxide stem cell labeling for MRI tracking remains one of the most commonly used methods in preclinical studies for cell tracking. Controversy continues about whether the hypointensities from iron oxides seen by MRI represent viable exogenously labeled stem cells or residual iron freed from dying stem cells [2, 8, 9, 19, 26, 32, 39] . The biggest obstacle to clinical translation of SPIO-based therapies is that many of the formulations of iron oxides and ferumoxides that were once used in limited clinical practice are no longer commercially available. Thus, enthusiasm for clinical adoption of these techniques has markedly diminished.
New Advances in Microencapsulation for Cardiovascular Cellular Imaging
Microencapsulation of cells was originally developed as a means to avoid immunosuppressive therapies for allogeneic or xenogeneic transplantation therapy-particularly for islet cell transplantation in type I diabetic patients [13, 31] . Our group realized the potential to incorporate contrast agents within the microcapsule to enable cell tracking [3, 4] . Because the contrast agent is contained in the microcapsule rather than direct labeling of the stem cell, radiopaque contrast, which would typically be cytotoxic, can be utilized to enable tracking by conventional X-ray angiography and cardiac computed tomography (CCT). Improvements in multidetector CT have lead to increased utilization of CCT for diagnostic imaging of cardiovascular patients. Thus, microencapsulation of stem cells with radiopaque contrast agents could enable serial non-invasive imaging of stem cell delivery using conventional clinical X-ray equipment.
In addition to preventing immunorejection by providing a semiporous membrane that restricts the ability of immuno-globins and immune-mediated cells to destroy transplanted cells, microencapsulation may also offer a better niche for transplanted cells by providing a surface for cell adhesion and improved cell-to-cell contact. Initial studies in our group explored the modification of the classical alginate-poly-L-lysine-alginate (APA) encapsulation method with the addition of 12% barium sulfate to enable tracking of mesenchymal stem cells (MSCs) using clinical X-ray fluoroscopic systems in a rabbit model of peripheral arterial disease (Fig. 2 ) [22] [23] [24] 30] . Subsequently, our group has explored the addition of perfluoroctylbromide (PFOB) to the APA microcapsule to enable multi-modality imaging. The fluorine moiety of PFOB may be used for 19 F MRI, whereas the perfluorocarbon can be used as an acoustic shadow for ultrasonic imaging. Finally, the bromide provides radiopacity for c-arm CT. In addition, perfluorocarbons, which have been used as blood substitutes, may enhance oxygen tension in the ischemic environment.
Preliminary studies have demonstrated that the addition of PFOB does not alter the diffusive properties of the microcapsule, such that diffusion of nutrients including oxygen and waste products is not altered. In addition, in vitro studies indicate that the addition of PFOB does not alter MSC viability. Furthermore, if PFOB-APA encapsulation is performed using MSCs transfected with reporter genes, MSC viability within the microcapsule can be determine using non-invasive imaging (Fig. 3) [40] . Thus, microencapsulation in combination with radiopaque contrast agents may provide a method to track stem cells using a well-accepted X-ray fluoroscopic imaging platform commonly used in cardiovascular application. However, further optimization of the microencapsulation techniques will be necessary since the large size of the microcapsules may lead to embolic events after intracoronary administration or conduction abnormalities after intramyocardial administration.
Conclusions
Techniques for stem cell labeling are now well established for preclinical studies. The most promising methods, such as iron oxide stem cell labeling, are currently hindered by issues related to concerns about the stem cell label becoming dissociated from the exogenously labeled stem cell-an issue which plagues most direct labeling techniques. However, these techniques still offer a method for determining the immediate success of stem cell delivery even if serial inspection of stem cell persistence may be impaired [5] . Reporter gene imaging offers the only non-invasive means to determine stem cell viability. Whereas reporter gene expression is often short-lived, this may prove to alleviate concerns about long-term expression of a foreign protein or enzyme. Microencapsulation techniques offer a method for X-ray tracking of stem cells. However, due to the large size of the therapeutic product, these techniques are currently limited to cardiovascular studies outside the heart. While the benefit of stem cell labeling appears obvious, the hurdle will be to convince regulatory agencies as well as clinical staff that the ability to determine the success of stem cell delivery and tracking of engraftment will outweigh the effort and time associated with stem cell labeling. Thus, these techniques may not only provide the means to study the conflicting responses of individual patients, but also to tailor therapies for each patient to enable an optimal response to treatment. Electromechnical-mapping-guided mesenchymal stem cell delivery in a swine myocardial infarction (MI) model. a Endocardial mapping of a pig heart 16 days after MI. MSCs transfected with a truncated thymidine kinase reporter gene were intramyocardially injected into the border zone of the infarction (white arrows), and unlabeled MSCs were delivered into noninfarcted posterior wall (yellow arrow). b 13 N-ammonia positron emission tomography with transmission scan of the pig heart showing perfusion defect in the anterior wall and apex 16 days after MI. c The location of two injection sites of reporter gene transfected MSCs are demonstrated by 18 F-FHBG PET image of the pig heart 8 h after injection. Unlabeled MSCs could not be detected. d Registration of 18 F-FHBG PET (hot scale) with MRI (gray scale) demonstrating tracer uptake only at MSCs injection sites. Reprinted from Gyöngysi et al. [17] with permission X-ray angiogram of the rabbit peripheral hindlimb before intervention (a) and after femoral artery occlusion using a platinum coil (black arrow; b). X-ray visible, mesenchymal stem cells containing microcapsules appear as radiopacities in the medial thigh of the rabbit after intramuscular delivery (b). Q quarter for reference of size and opacity. Reprinted from Nahrendorf et al. [30] with permission Bioluminescence images of the medial thigh of a rabbit model of peripheral arterial disease provides the ability to assess cell viability in vivo of intramuscularly injected X-ray-visible encapsulated mesenchymal stem cells that were transfected with a reporter gene as well as nonencapsulated reporter gene transfected MSCs. Reprinted from Tsui and Kraitchman [40] with permission
